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Quality control of proteinMitochondrial AAA proteases play an important role in the maintenance of mitochondrial proteostasis. They
regulate and promote biogenesis of mitochondrial proteins by acting as processing enzymes and ensuring the
selective turnover of misfolded proteins. Impairment of AAA proteases causes pleiotropic defects in various
organisms including neurodegeneration in humans. AAA proteases comprise ring-like hexameric complexes
in the mitochondrial inner membrane and are functionally conserved from yeast to man, but variations are
evident in the subunit composition of orthologous enzymes. Recent structural and biochemical studies
revealed how AAA proteases degrade their substrates in an ATP dependent manner. Intersubunit coordina-
tion of the ATP hydrolysis leads to an ordered ATP hydrolysis within the AAA ring, which ensures efﬁcient
substrate dislocation from the membrane and translocation to the proteolytic chamber. In this review, we
summarize recent ﬁndings on the molecular mechanisms underlying the versatile functions of mitochondrial
AAA proteases and their relevance to those of the other AAA+ machines. This article is part of a Special Issue
entitled: AAA ATPases: Structure and function.Pases: Structure and function.
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Since the endosymbiotic engulfment ofα-proteobacteria ~1.5 billion
years ago, mitochondria evolved to semi-autonomous, yet essential
organelles inmodern eukaryotic cells. The vastmajority ofmitochondrial
proteins is encoded in the nucleus, synthesized in the cytosol and then
imported into mitochondria. However, mitochondria contain their own
genome encoding as little as 13 proteins in human mitochondria,
which are core subunits of respiratory chain complexes in the inner
membrane. Therefore, protein import and assembly of multiprotein
complexes and a coordinated expression of nuclear- and mitochondrial
genes pose challenges to mitochondrial biogenesis. Moreover, the mito-
chondrial inner membrane (IM) is the protein-richest membrane in the
cell and harbors the complexes of the respiratory chain. As reactive
oxygen species (ROS) are an inevitable by-product of respiration,
proteins and lipids in the IM are primary targets for oxidative damage.Mitochondrial biogenesis and quality control depends on a network
of chaperones and proteases [1,2]. Four ATP dependent proteases,
which are conserved from bacteria to higher eukaryotes and belong to
the AAA+ superfamily of proteins, are part of this regulatory network.
These include LON/PIM1 protease and mtClpXP in the matrix compart-
ment and two membrane bound members of the FtsH/AAA protease
family in the IM. While major targets of the LON/PIM1 protease are ox-
idatively damaged proteins accumulating in the matrix space [3–9],
AAA proteases are central components of the quality control system in
the IM [10,11]. In bacteria, FtsH is the only AAA protease present in
the plasma membrane with its catalytic domains facing the cytoplasm
[12]. During evolution, two forms of mitochondrial AAA proteases
have evolved from FtsH which differ in their membrane topology [13].
The catalytic domains of the i-AAA protease face the intermembrane
space, whereas the m-AAA protease is active on the matrix side
(Fig. 1A). In contrast to the wider family of AAA+ proteases character-
ized by the presence of Walker A and B motifs of P-loop ATPases, AAA
proteases contain an AAA domain with additional conserved structural
elements [14]. These include a conserved arginine residue in the so-
called ‘second region of homology’ that contributes to the ATP binding
pocket in the neighboring subunit.
In this review, we focus on membrane-bound AAA proteases that
exert versatile activities both in yeast [15–20] and in mammalian cells
[21–25]. Elucidating themolecular basis of these pleiotropic deﬁciencies
ismade difﬁcult by the versatile activities of AAA proteases in a cell. AAA
proteases were found to degrade non-native proteins to peptides,
Fig. 1. Structural organization of AAA proteases. A) Topology of AAA proteases in the mi-
tochondrial innermembrane. IMS, intermembrane space; IM, innermembrane;M,matrix.
B) Domain structure of AAA proteases. A subunit of them-AAA protease is depicted. Sub-
units of the i-AAA proteases only carry one transmembrane domain. MTS, mitochondrial
targeting sequence; ND, N-terminal domain; AAA, AAA domain; PD, proteolytic domain;
TM, transmembrane domain; NH, N-terminal helices involved in substrate binding; WA
and WB, Walker A and Walker B motif characteristic of P-loop ATPases; PL1 and PL2,
pore loops-1 and-2; ISS, intersubunit signalingmotif; R, arginine ﬁnger within the second
region of homology (SRH); HExxH, proteolytic site; CH, C-terminal helices involved in
substrate binding. C) Cryo-EM structure of the yeast m-AAA protease as semitransparent
surfacewith the ﬁtted X-ray structure (ribbons) of apo-FtsHCyt from Thermotogamaritima.
The transmembrane domain is colored in green, the AAA domain pink/red and the proteo-
lytic domain blue/sky blue. Bound ATP molecules are depicted as CPK models colored in
yellow. The following structural features are highlighted with colors: N-terminal helices
(cyan), C-terminal helices (magenta), pore loop-1 (dark blue). The putative position of
the mitochondrial inner membrane is indicated by the gray box.
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biogenesis and were even found to exert non-proteolytic functions.
We will summarize recent advances in the ﬁeld that provide a ﬁrst
glimpse on a molecular level how these proteolytic machines execute
their various activities.
2. The structural organization of AAA proteases
2.1. Domain structure of AAA protease subunits
AAA proteases form hexameric complexes built up of conserved
subunits with a similar domain structure (Fig. 1B). A different number
of transmembrane segments in the N-terminal region give rise to the
different topology of i- andm-AAA proteases. Subunits of the i-AAA pro-
tease contain a single transmembrane segment in their N-terminal
region. After its insertion into the IM, the catalytic domains face the
IMS.m-AAAprotease subunits contain an additionalmembrane spanning
domain and consequently expose catalytic domains to the matrix side.The membrane-embedded domains of all AAA protease subunits are
followed by a conserved P-loop ATPase domain, characteristic of the
AAA+ superfamily [26]. A typical feature of the classical AAA subclass
of the AAA+ superfamily is a conserved amino acid stretch which is
called the second region of homology (SRH) [14]. The AAA domain is
followed by an M41 metallopeptidase domain, containing a conserved
HExxH motif that serves as metal binding site and proteolytic center
[13].
2.2. Complex architecture of AAA proteases
The recently solved cryo-EM structure of full-length yeast m-AAA
proteases including their membrane-embedded domains revealed a
hexameric ring architecture similar to other AAA+ proteins and a
proteolytic chamber formed by the assembled proteolytic domains
(Fig. 1C) [27]. Based on the crystal structure of the catalytic domains
of bacterial FtsH ﬁtted into the density map [28,29], this architecture
leads to the formation of nucleotide binding pockets at the interface
of two subunits, facilitating the coordination of ATP hydrolysis
among subunits. The proteolytic domains are crucial for the assembly
of AAA proteases and were found to stabilize the yeast m-AAA prote-
ase complex [27].
Although the principal architecture of AAA proteases is conserved,
they can vary in their subunit composition [30–32]. Homo-oligomeric
complexes can be formed as well as hetero-oligomeric assemblies of
closely related subunits. Different isoenzymes of m-AAA proteases
exist in mammalian mitochondria built up of closely related subunits
that are expressed in a tissue-speciﬁc manner [30,32]. Whereas i-AAA
proteases form likely only homo-oligomeric assemblies of Yme1 in
yeast or YME1L in humans, the situation is more complex for m-AAA
proteases [13,32,33]. In yeast, m-AAA proteases are hetero-oligomers
of two subunits, Yta10 and Yta12 [34]. Two different subunits are also
present in humans which are termed AFG3L2 and paraplegin, encoded
by the Spg7 gene [35]. Paraplegin, like Yta10 or Yta12, is only able to
form hetero-oligomeric complexes. However, AFG3L2 is also able to
form homo-oligomeric assemblies leading to the presence of two differ-
ent isoenzymes: a homo-oligomeric complex of AFG3L2 and a hetero-
oligomeric complex of AFG3L2 and paraplegin. Afg3l1 encoding another
m-AAA protease is a pseudogene in humans [36] but expressed in mice
[30]. Like AFG3L2, it is able to form homo- as well as hetero-oligomeric
complexes with AFG3L2 or paraplegin [30]. All mammalian isoenzymes
are able to complement for the loss of the m-AAA protease in yeast,
showing their functional conservation and functional redundancy
between mammalianm-AAA proteases [35].
Functional differences between different m-AAA isoenzymes
remained enigmatic. Gene duplication eventsmay have lead to a conver-
sion of a homooligomeric to a heterooligomeric isoform of the m-AAA
protease. Domain swapping experiments between subunits of the het-
ero-oligomeric yeastm-AAA protease assigned a crucial role for assembly
to the proteolytic domains [27]. Intriguingly, exchange of only two amino
acid residues in the proteolytic domain in the m-AAA protease subunit
Yta12 were found to be sufﬁcient to allow its homo-oligomerization.
These amino acid residues are located at the interface betweenprotomers
in a structural model of the yeastm-AAA protease [27].
Mutations in differentm-AAA protease subunits are associated with
different neurodegenerative disorders in human. Mutations in Spg7
encoding paraplegin cause autosomal recessive hereditary spastic para-
plegia (HSP) [21,37–41]. On the other hand, heterozygous mutations in
Afg3l2 are the cause for an autosomal dominant form of spinocerebellar
ataxia (SCA28) [42,43]. Increasing evidence suggests that mutations in
AFG3L2 have distinct and more severe phenotypes as they affect all
m-AAA protease isoenzymes and lead to a drastic reduction of the over-
all m-AAA protease activity, while mutations in Spg7 only affect the
hetero-oligomeric complexes. Notably, Afg3l2 and paraplegin are differ-
entially expressed in the mouse brain [24], which likely contributes to
the cell-type speciﬁc effects of mutations in both m-AAA protease
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observed in patients is unknown and it is an attractive possibility that
m-AAA protease isoenzymes also differ in their substrate speciﬁcity.
2.3. Interacting partners and regulators of AAA proteases
Several proteins and protein complexes have been identiﬁed that
interact with AAA proteases but are not required for their enzymatic
activity per se. m-AAA proteases are part of large supercomplexes in
the IM that contain prohibitins [44–46]. Two homologous prohibitin
subunits, Phb1 and Phb2, assemble themselves to large ring shaped
complexes in the IM [45,47]. All m-AAA protease complexes interact
with PHB complexes [44], but it is presently unclear whether the m-
AAA protease binds at the outer or inner rim of these complexes. Loss
of the PHB complexes has no effect on m-AAA protease assembly and
does not impair its activity. Rather, non-native polypeptides were
found to be degraded faster in yeast cells lacking prohibitins, suggesting
that PHB complexes negatively regulate the activity of the m-AAA pro-
tease [44]. This is reminiscent of HﬂK and HﬂC, two distantly related
proteins to Phb1 and Phb2, which have a similar function on FtsH in E.
coli [48,49]. It is presently not known how PHB complexes affect the
activity of them-AAA protease. Binding to PHB complexesmay stabilize
m-AAA proteases in a conformation with a decreased proteolytic activ-
ity. Moreover, increasing evidence suggest that PHB complexes may act
as protein or even lipid scaffolds in the IM [50]. Accordingly, they may
recruit them-AAA protease into a speciﬁc lipid environment in the IM.
Conserved and ubiquitously distributed regulators of the i-AAA
protease have not yet been identiﬁed. However, two proteins, Mgr1
and Mgr3 with homologs present in fungi, were found to positively
regulate i-AAA protease activity in yeast [51,52]. They form a complex
that interacts with substrates and the i-AAA protease itself. Loss of
Mgr1 or Mgr3 decreases binding of model substrates to the i-AAA
protease and slows down their degradation. These observations suggest
a function of Mgr1 and Mgr3 similar to adapter proteins of bacterial
AAA+ proteases [53]. However, the identiﬁcation of physiological sub-
strates of i-AAA proteases whose proteolysis depends on Mgr1 and
Mgr3 is still awaited to substantiate the role of the Mgr1–Mgr3-complex
as substrate adaptor.
3. Substrates and the mechanism of substrate recognition
3.1. Classes of AAA protease substrates
AAA proteases conduct protein surveillance in the IM by degrading
various non-native integral membrane proteins as well as membrane-
associated proteins (Fig. 2A). Unassembled subunits of the respiratory
chain complexes andnon-native IMproteins,which expose unfolded seg-
ments either to the IMS or to the matrix belong to this class of substrate
proteins [54]. These substrates are completely degraded to oligopeptides
which are subsequently degraded to amino acids bymitochondrial oligo-
peptidases or released frommitochondria [55–57]. The analysis of various
model substrates and of non-assembled mitochondrial proteins revealed
that the substrate speciﬁcity of AAA proteases is rather degenerate and
only the membrane topology and the folding state of solvent-exposed
domains of substrates appear to determine their stability against proteol-
ysis [54]. Indeed, m- and i-AAA proteases have overlapping substrate
speciﬁcity and were found to both degrade non-native polypeptides
with domains at both sides of the membrane [54].
In addition to their function for protein quality surveillance, an in-
creasing number of speciﬁc substrates of AAA proteases are known
whose proteolysis regulates central processes within mitochondria.
The i-AAA protease was found to determine the stability of two con-
served IMS proteins, Ups1 and Ups2, which regulate the biogenesis
of the mitochondria-speciﬁc phospholipid cardiolipin (CL) as well as
phosphatidylethanolamine (PE) [58]. Both Ups1 and Ups2 are intrin-
sically unstable proteins. Although homologous to each other, Ups2was shown to be degraded by the i-AAA protease while turnover of
Ups1 can also be mediated by another metallopeptidase in the IM,
Atp23.
In addition to the turnover of mitochondrial proteins, the m-AAA
protease promotes maturation of speciﬁc proteins. First, MrpL32, a
component of the large subunit of themitochondrial ribosome, receives
processing by the m-AAA protease after import into the matrix, a pro-
cess that is conserved from yeast to mouse (Fig. 2B) [19]. The removal
of the targeting sequence by the m-AAA protease promotes MrpL32
assembly with other ribosomal subunits and activates mitochondrial
translation. Genetic experiments demonstrated that growth defects
associated with the loss of the m-AAA protease in yeast are caused by
the impaired processing of MrpL32 which thus represents the central
function of the m-AAA protease in yeast mitochondria [19]. Second,
subunits of mammalian m-AAA proteases, namely Afg3l1, Afg3l2 and
paraplegin, undergo autocatalytic processing after removal of the prese-
quence by the mitochondrial processing peptidase (MPP) [59]. Third,
the m-AAA protease ensures maturation of cytochrome c peroxidase
(Ccp1), a ROS scavenger in the IMS of yeast mitochondria [60]. Ccp1 is
integrated into the IM as a precursor which has to be cleaved by the ser-
ine protease Pcp1 to get activated and released to the IMS. Cleavage by
Pcp1 requires membrane dislocation of the Ccp1 precursor which is
mediated by the m-AAA protease in an ATP-dependent manner [61]
(Fig. 2C). Strikingly, this process does not depend on the proteolytic
function of them-AAA protease. Similarly, it has been shown that, inde-
pendent of its proteolytic activity, the i-AAA protease promotes import
of mammalian polynucleotide phosphorylase (PNPase) heterologously
expressed in yeast (Fig. 2D) [62]. However, the demonstration of a sim-
ilar role of the i-AAA protease in mammalian mitochondria is still
awaited.
3.2. Processing vs. degradation by AAA proteases
The dual activity of AAA proteases as quality control and processing
enzymes raises the intriguing question as to how the complete degrada-
tion of speciﬁc substrates is prevented. Recent studies on the processing
of MrpL32 by the m-AAA protease revealed that the protease does not
recognize a speciﬁc processing site in MrpL32 [63]. Rather, the folding
of a cysteine-containing, likely metal binding domain of MrpL32 limits
degradation and ensures speciﬁc MrpL32 cleavage. The N-terminal
part of MrpL32 including its presequence appears to be unstructured,
whereas the C-terminal region is tightly folded. Degradation of
MrpL32 by the m-AAA protease starts at the N-terminus and proceeds
towards the C-terminus until the tightly folded, cysteine-containing
domain prevents further degradation and triggers the release of the
m-AAA protease. As FtsH/AAA proteases possess only a limited unfol-
dase activity [54,64], such a mechanism may be of general relevance
for other substrates of the m-AAA protease that are processed rather
than completely degraded.
Notably, these studies provided also an unexpected explanation
for the puzzling question why the m-AAA protease rather than the
general mitochondrial processing peptidase MPP mediates matura-
tion of MrpL32. The presequence of MrpL32 ensures targeting to
mitochondria but in addition mediates folding of the mature domain
of MrpL32 [63]. Maturation by the m-AAA protease thus prevents
cleavage of the precursor form of MrpL32 during import allowing
efﬁcient folding after membrane translocation is completed. It will
be of interest to examine whether maturation of other matrix pro-
teins occurs along a similar pathway.
3.3. Substrate recognition by AAA proteases
In agreement with their function as quality control enzymes, AAA
proteases have degenerate substrate speciﬁcity and appear to mainly
recognize the folding state of substrate proteins, similar to molecular
chaperone proteins [65]. Despite the steadily increasing number of
Fig. 2. Versatile functions of AAA proteases in mitochondria. A) Protein turnover. AAA proteases degrade non-native proteins after their membrane dislocation to peptides. B) Protein
processing. Them-AAA protease mediates processing of newly imported ribosomal subunits MrpL32 allowing their assembly into ribosomes. The cleavage site is determined by a tightly
folded, cysteine-containing domain in MrpL32 that likely binds metal ions (Me). Precursor is shown in red. C) Membrane dislocation. The precursor of Ccp1 is dislocated from the inner
mitochondrial membrane to allow cleavage by the rhomboid protease Pcp1. Dislocation depends on the ATPase but not the proteolytic activity of them-AAA protease. Processing site of
Ccp1 is shown in red. D) Protein import intomitochondria. The yeast i-AAA protease was found tomediate import of mammalian PNPase heterologously expressed in yeast, independent
of its proteolytic activity.
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known. AAA proteases appear to recognize the folding state of a sol-
vent-exposed domain of the substrate only [65]. 10–20 amino acids
have to protrude from the membrane surface to allow binding of AAA
proteases and trigger degradation [54], which can be initiated from
the N- or C-terminus aswell as from internal loop regions of membrane
proteins [54,66]. Notably, unfolded domains can be degraded by AAA
proteases active at the opposite membrane surface indicating that sub-
strates are extracted from the membrane bilayer during proteolysis
[54]. Studies on the maturation of Ccp1 provided direct evidence for
an ATP-dependent membrane dislocation of substrate proteins driven
by the m-AAA protease [61]. Cleavage in transmembrane segments
indicates membrane extraction of substrates during degradation [66].
However, the ability to extract substrates from the membrane bilayer
appears to be limited as tightly folded domains of the substrate at the
opposite side of the membrane inhibit degradation [54]. Substrates ini-
tially interact with the outer surface of the proteolytic cylinder of AAA
proteases before entering the internal proteolytic chamber via pores
formed by AAA domains. The analysis of substrate interaction of the
yeast i-AAA protease identiﬁed two regions that form a lattice-like
structure at the outer surface of the protease complex: N-terminal heli-
ces of the AAA domain (NH) and C-terminal helices of the proteolytic
domain (Fig. 1C) [65,67]. The NH region is in close proximity to the
central pore of the AAA ring andwas found to be essential for the recog-
nition of all substrates tested. CH regions, on the other hand, interact
only with a speciﬁc subset of substrates, seemingly depending on
their membrane topology. Substrate proteins with large IMS domains
bind initially to the CH region and are then likely transferred to the
NH region before they are translocated into the proteolytic chamber.4. Force generation by AAA proteases
4.1. Membrane dislocation and substrate translocation into the proteolytic
chamber
The extraction of substrates from the membrane bilayer and their
subsequent translocation into the proteolytic chamber are energydependent processes mediated by the conserved AAA domains of AAA
proteases. Numerous crystal structures of AAA+ domains have been
resolved including AAA domains of the AAA proteases FtsH and paraple-
gin [28,29,68,69]. Usually hexameric AAA ring complexes form a central
pore into which so-called pore loops are protruding. The pore loop-1,
conserved among AAA+ proteins, couples ATP hydrolysis to substrate
translocation [53]. Direct interactions between pore loop-1 and the sub-
strates are necessary to mediate translocation, as shown for bacterial
AAA+ proteases of the Clp family [70,71]. In ClpX, the pore loop-1 un-
dergoes conformational changes uponATP binding and hydrolysis, exert-
ing mechanical force on the substrate [70,72]. The substrate afﬁnity of
AAA+ proteins is increased upon ATP binding, suggesting that the pore
loop-1 binds substrates in the ATP bound conformation [73]. ATP hydro-
lysis leads to a conformational change of pore loop-1 resulting in sub-
strate translocation. Based on the sequence and structural homology
between ClpX and classical AAAproteins, it is very likely that the function
of pore loop-1 is conserved inmitochondrial AAAproteases. Crystal struc-
tures of bacterial FtsH proteases support the idea that conformational
changes of pore loop-1 upon ATP binding and hydrolysis drive substrate
translocation towards the proteolytic site [28,29,68]. Consistently, pore
loop-1 is positioned at the central pore in the cryo-EM structure of the
yeastm-AAA protease [27] and mutations in this loop inhibit the proteo-
lytic activity of both i- andm-AAA proteases [61,74].4.2. Coordinated ATP hydrolysis by AAA proteases
Several modes have been observed for ATP hydrolysis by AAA+
domains within AAA+ ring complexes [75–79]. These range from inde-
pendent ATP hydrolysis by individual subunits to a concerted hydrolysis
of all six subunits of the AAA+ ring. For AAA proteases, ATP hydrolysis is
coordinated between neighboring subunits and occurs in a sequential
manner within the AAA ring, as demonstrated by recent genetic experi-
ments using the yeast and human m-AAA proteases [80]. ATP binding
inhibits ATP hydrolysis in the adjacent subunit resulting in a sequential
hydrolysis cycle within the AAA ring. Such a mechanism implies that
not all subunits bind ATP concomitantly to prevent stalling of the ATPase
ring. Although the number of ATP molecules that can simultaneously
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AAA+ ring complexes suggest indeed an incomplete nucleotide occu-
pancy [76,79,81].
Coordination of ATP hydrolysis between neighboring subunits is
conserved among AAA proteases, but differences exist in the degree of
coordination in AAA proteases from different species. For the human
m-AAA protease, binding of ATP to any subunit in hetero- or homo-
oligomeric complexes, AFG3L2 or paraplegin blocks hydrolysis in the
adjacent subunit. The situation is different for the yeast m-AAA prote-
ase, which exists as a hetero-oligomeric complex composed of Yta10
and Yta12 subunits. Only binding of ATP to Yta12 blocks hydrolysis in
Yta10 but not vice versa [80]. Considering the alternative arrangement
of Yta10 and Yta12 in these complexes, a dimer of Yta10 and Yta12
can be considered as the functional unit within in the hexamer.
4.3. Intersubunit signaling within AAA rings
A coordinated ATP hydrolysis in adjacent subunits suggests that
nucleotide binding to one subunit can be sensed by the neighboring
subunit. Unbiased genetic gain of function screens in yeast identiﬁed
several conserved elements within the AAA domain that are involved
in intersubunit signaling (Fig. 3A) and revealed a direct coupling of
ATPase activity and proteolysis [80]. The arginine ﬁnger within the
second region of homology (SRH), characteristic of all AAA proteins,Fig. 3. Coordinated ATP hydrolysis with the AAA ring of AAA proteases. A) Intersubunit
signaling from Yta12 to Yta10. The arginine ﬁnger of Yta10 (R447) is in contact with
the γ-phosphate of ATP in Yta12 (orange ball) and triggers conformational changes
of an adjacent arginine residue (R450). R450 is likely in a position to form a salt bridge
with an aspartate residue of the ISS motif. A conformational change of pore loop-2
transmits the signal to the glutamate residue E388 in the Walker B motif inhibiting
ATP hydrolysis. B) Hand-over-hand model for substrate handling by the yeast m-AAA
protease. Coordination of ATP hydrolysis ensures proper substrate translocation
towards the proteolytic domain. See text for details.is making contact with the γ-phosphate of ATP in the binding pocket
of the neighboring subunit. This appears to trigger a conformational
rearrangement that is transmitted via a conserved intersubunit signal-
ing (ISS)motif and pore loop-2 to theWalker Bmotif of the ATP binding
site, resulting in the inhibition of ATP hydrolysis. The elements involved
in this signaling cascade are conserved in AAA proteins suggesting a
similar regulation of the ATP hydrolysis cycle in other AAA ring
complexes.
The identiﬁcation of this intersubunit signaling cascademade it pos-
sible to assess the role of a coordinated ATP hydrolysis for substrate
handling byAAAproteases. These experiments revealed that the impor-
tance of a coordinated ATP hydrolysis by them-AAA protease increases
with the energy required for the degradation of a substrate.Mutant pro-
teaseswith defective intersubunit signaling show an impaired degrada-
tion and membrane dislocation of integral membrane proteins, but
mediate the processing of soluble proteins [80]. It is conceivable that a
sequential ATP hydrolysis within the AAA ring ensures constant binding
of pore loops to substrate proteins enabling maximal force generation
on the substrate. According to the hand-over-handmodel, the substrate
afﬁnity of a subunit is high in the presence of ATP allowing substrate
interactionwith pore loop-1. At the same time, the neighboring subunit
is kept in the ATP-bound state where its pore loops are competent for
substrate binding. ATP hydrolysis is coupled to a conformational change
of pore loop-1 and substrate translocation, followed by binding to the
pore loop-1 of the neighboring subunit (Fig. 3B). The inhibition of ATP
hydrolysis in the adjacent subunits thus ensures that only after hydroly-
sis of ATP and translocation of the substrate by one subunit the follow-
ing subunit can undergo the same steps of hydrolysis and translocation.
This mechanismmight help the protease to keep a constant grip on the
substrate and ensure a certain pulling force. Accordingly, the degree of
regulation within the AAA ring of an AAA protease may determine its
enzymatic properties, i.e. its ability to generate force.
If ATP hydrolysis is only coordinated between some subunits of the
AAA ring, as observed for the yeast m-AAA protease, the unfoldase
activity of the protease and its ability to extract proteins from themem-
branemight be limited. The regulation of ATP hydrolysiswithin the AAA
ring may thus allow ﬁne-tuning of the activity of AAA proteases and
adapting the proteolyticmachinery in the IM to speciﬁc demands in dif-
ferent cell types. Further biochemical and structural analyses are clearly
necessary to clarify the role of a coordinated ATP hydrolysis in vivo. It
would not come as a surprise if AAA proteases would turn out again
to be more versatile than originally anticipated.
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